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ABSTRACT 

One of the major problem areas in the development 
of the SNAP-8 space power system has been the mercury 
boiler, principally due to the incompatibility of containment 
materials with mercury. A s  an approach to the solution 
to this basic problem, a boiler utilizing tantalum for the 
mercury-containment material was designed for the 
SNAP-8 system and tested at the NASA-Lewis Research 
Center for 1445 hours. Because of safety requirements, 
the design incorporated double containment of the mer- 
cury, which in effect separated the radioactive primary 
loop fluid from the mercury by two metal walls and a buf- 
fer region filled with NaK. Design features which 
enabled the use of a tantalum tube within a stainless steel 
(SS) tube are discussed. These include both an oval SS 
containment tube and a bellows to allow for differential 
thermal expansion and the need for bimetallic joints. 
Thermal design of the boiler is described. The overall 
operating history and a comparison of test results with 
predicted performance indicate the boiler fulfilled its de- 
sign requirements. 

INTRODUCTION 

In a Rankine cycle space power system such as 
SNAP-8 (l), a key requirement is the dependable genera- 
tion of dry, superheated vapor immediately upon startup. 
Using mercury as the two-phase power fluid has pre- 
sented problems in the past. The most serious problem 
has been the incompatibility of most alloyed containment 
materials with mercury in two-phase forced-convection 
flow conditions. Furthermore, boiler performance has 
been shown to depend to a large degree on whether or  not 
mercury was wetting the heat transfer surfaces (2). Pre- 
vious work(2, 3)has indicated that the degree of wetting, 
sometimes referred to as boiler conditioning, is largely 
dependent on the mercury-containment material, tube 
surface oxides, and trace amounts of impurities such as 
hydrocarbons. Test results have shown that boiler per- 
formance improves with time due to the scrubbing action 
of high-velocity mercury, and that wetting agents such as 

* 

rubidium improve boiler performance. However, in 
order to satisfactorily fulfill system requirements, 
boiler performance should not be time dependent or  rely 
on wetting agents. A new design concept was developed, 
utilizing tantalum's desirable properties such as low 
solutility, corrosion resistance, and good wettability as 
the mercury-containment material. In order to meet the 
specifications for a man-rated system which require 
double isolation between the radioactive primary-loop 
fluid and the power-loop mercury, a buffer o r  static- 
fluid region was incorporated in the boiler design. The 
use of tantalum (Ta) together with stainless steel (SS) 
required new techniques in mechanical design and fabri- 
cation. The SS is necessary for primary NaK contain- 
ment because of oxygen contamination of the Ta. The de- 
sign configuration, thermal analyses, fabrication, and 
the results of 1445 hours of testing are discussed herein. 

DESCRIPTION 

A pictorial representation of the double-containment 
Ta-SS boiler showing areas of principal interest is given 
in Fig. 1. Tantalum was selected for the mercury-side 
containment material based on its very low solutility in 
liquid mercury (see Fig. 2) and its apparently good wet- 
tability by mercury at SNAP-8 temperatures. The cross- 
sectional view shown in Fig. l(a) illustrates the manner 
in which the double-containment of the mercury was 
achieved. In effect the radioactive primary loop NaK is 
separated from the mercury loop by two metal walls and 
a static NaK region. NaK-78, the eutectic mixture of 
sodium and potassium, was used in this buffer region be- 
cause of its excellent heat-transfer characteristics. Flow 
conditions in the boiler are NaK flowing counter to mer- 
cury. Mercury flows through a tantalum tube which is 
surrounded by stagnant NaK contained in an oval-shaped 
SS tube. Seven such Ta-SS tube assemblies placed in 
parallel form a bundle 34 f t  (11300 mm) long (see Fig. 3). 
The tube bundle which is coiled to a mean helix diameter 
of 48 inches (1220 mm) is in turn surrounded by an outer 
shell within which the primary-loop NaK flows. A 4.5- 
ft-long (1370 mm) multipassage plug insert is used to in- 
crease local velocities in the preheat and low-vapor- 
quality region of the boiler (see Fig. l(b)). A swirl-wire 
turbulator is used in the remainder of the open tantalum 
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tube. A fixed orifice placed at the entrance of each of the 
seven tantalum tubes provides mercury-flow stabiliza- 
tiod4). Shown in Fig. 4 are the pieces which comprise 
the plug section. Illustrated in Fig. l(c) are details of 
the mercury-exit configuration. 

DESIGN CONFIGURATION AND FABRICATION 
* 

A number of problems were encountered in the design 
and fabrication of this boiler because of the use of tan- 
talum and stainless steel in its construction. The most 
serious problefn encountered resulted from the fact that 
the coefficients of thermal expansion for stainless steel 

7x10-6 in/inpF between room temperature and 1300' F 
(978' K). As a result, the growth difference of a concen- 
tric tube-in-tube assembly (see Fig. 3) between these 
temperatures would be about 4 in. (100 mm). To avoid 
taking a growth difference of this magnitude at the end of 
the tubes, the design allowed for radial movement of the 
tantalum tube within the flattened stainless tube. In effect 
the location of the tantalum tube within the stainless steel 
tube moves from one side to the other; see Fig. l(a). By 
flattening the 1.00 in. (25.4 mm) diameter stainless steel 
tube to 0.78 in. (19.8 mm) between the flat, 0.28 in. 
(7.1 mm) movement was available. It is estimated that 
0.2 in. (5.1 mm) would be required to take up the total 
thermal expansion difference. 

' 
. and tantalum differ. This difference is approximately 

In order to cut lead times in the procurement of 
materials, standard tube sizes were used wherever pos- 
sible. Previous work (Ref. 5) provided general back- 
ground information used in the design of this boiler. The 
resultant configuration consisted of a tantalum tube 0.75 
in. (19.0 mm) outside diameter (O.D.), with a 0.040 in. 
(1.0 mm) wall thickness, and a stainless steel (type 321) 
tube 1.00 in. (25.4 mm) 0. D. with a 0.035 in. (0.89 mm) 
wall which was flattened as  described earlier. A bundle 
of seven such tube-in-tube assemblies were symmetrical- 
ly arranged within a single 5.0 in. (127 mm) O.D. x 
0.095 in. (2.40 mm) wall stainless steel (type 316) tube. 

Tantalum, although highly resistant to mercury cor- 
rosion, is very susceptible to oxidation at elevated tem- 
peratures. This, o r  course, presented a problem not 
only during system operation but in fabrication as  well 
since all welding involving tantalum had to be done either 
in a vacuum chamber or  in an inert atmosphere. Con- 
sequently, a vacuum chamber with a rotating-head 
electron-beam machine was used to weld the tantalum 
tubing to the desired length (see Fig. 5). Tube-to-header 
welds were difficult because of the concentric-tube con- 
figuration. To facilitate the stainless header welds and 
to reduce the stress at the end of the tubes, short heavy- 
wall sections were added to the stainless tubes before 
assembly. These heavy sections were then welded into 
the stainless header with a full-penetration weld, after 
which a heavy filler pass was made. The tantalum tubes 
were expanded into grooves in the tantalum header and a 
fusion lip-seal weld was used (see Fig. 6). 

, 

A bimetal joint of tantalum to stainless steel was 
needed at both ends of the boiler for attachment of the 
floating tantalum tubes to the stainless steel shell. This 
joint is a tongue-in-groove connection brazed with 5-8400 
alloy. Tests of this joint are  reported in Ref. 6. 

To complete the attachment to the shell, a stainless 
steel (type 321) three-ply bellows was used at both ends 
of the boiler. The transition dome, bimetal joint, and 
bellows formed a separate subassembly (see Fig. 7). In 
welding the transition dome (see Fig. 7) to the tantalum 
header plate shown in Fig. 6 ,  a portable glove box purged 
with argon was used. At the time of assembly, convol- 
uted 5-mil-thick zirconium foil was wrapped around this 
subassembly to act as  a getter for any oxygen possibly 
present in the static NaK. The outer shell was separately 
coiled and cut into short lengths of approximately 4 f t  
(1220 mm). Each section was slipped over the tube bun- 
dle and welded. 

A unique technique was developed for coiling the 
long tantalum-within-stainless tube sections. It was im- 
portant that the tantalum tube touch the outer wall of the 
stainless oval when cold (see Fig. l(a)) so that when hot 
the differential expansion could be taken up by radial 
movement. Therefore, to assure proper tube location 
during coiling, a flexible hose was placed in the open area 
between the two tubes and filled with water. Cold alcohol 
was then circulated through the tantalum tube to freeze 
the water in the flexible hose which maintained the rela- 
tive tube positions during the coiling operation. A finger 
pump was used to continuously circulate the alcohol 
throughout the coiling operation, and dry ice provided the 
cooling. Cleaning the coiled sections was simply a mat- 
ter of heating and flushing with a mild solvent. 

THERMAL DESIGN 

The design approach was based on SNAP-8 boiler 
development test results and analytical correlations. 
Forced-convection dropwise dry-wall mercury boiler 
theory (798) was utilized to establish the mercury heat 
and momentum transfer parameters. To enable one- 
dimensional nodal heat and momentum transfer analysis, 
the actual double-containment oval-and-round tube geom- 
etry was simplified to a concentric tube-in-tube config- 
uration. The NaK flow passage was sized based on avail- 
able conductances and prescribed pressure drop limita- 
tions. Results of the NaK side heat and momentum trans- 
fer analysis are  presented in Fig. 8. Shown are  values of 
the NaK side pressure drop (APN) and film coefficient 
(hN) in terms of the oval tube spacing (S). 

A multipassage-plug insert and swirl-wire turbulator 
were used to establish vortex flow in the boiling region. 
This design serves the added function of creating centri- 
fugal forces which tend to make the boiler's operation 
insensitive to the gravity environment. Past experience 
has shown that dropwise dry-wall boiling theory (7) pre- 
dicts conservative boiler performance for conditioned 
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mercury-flow passage surfaces. For the case where 
surface wetting in the low-vapor-quality region exists, 
boiler performance may be better than predicted by this 
design approach, resulting in greater superheat. 

The basic method of analysis was to subdivide the 
boiler length into a series of small increments and to 
write the coupling heat-transfer and pressure drop cor- 
relations for each increment. The boiler preheat and 
superheat sections were subdivided by taking equal in- 

. crements of the mercury temperature rise. Similarly, 
the wet-vapor, region was subdivided by taking equal in- 
crements of vapor quality. The solution of the coupling 
equations at each node provided the local thermal and 
dynamic operating parameters, increment length, and 
node-boundary state conditions. Sequential solution of the 
nodal equations using standard computer techniques re- 
sulted in the determination of the overall boiler perfor- 
mance. Presented in Refs. 7 ,  8, 9, 10,  and 11 are the 
momentum-transfer correlation equations used for non- 
wetting boiling, intermittent-contact boiling, and film 
boiling. The type of boiling process and the two-phase 
pressure drop correlations used in the analysis are also 
discussed in these references. 

, 

The predicted boiler performance characteristics at 
nominal operating conditions are shown in Fig. 9. The 
nominal boiler NaK-inlet temperature of 1305O F 
(980.4O K) was used for this plot. Figure 9 shows that 
the maximum heat flux (9'1) occurs in the preheat section. 
Within the preheat section, ql' is a minimum at the 
liquid-vapor interface and asymptotically approaches the 
ordinate at zero preheat length. A plot of the heat flux 
(9") and mercury pressure in the vapor quality region of 
the plug insert shows a discontinuity at the end of the plug. 
This discontinuity is caused by the change in the internal 
geometry of the mercury flow passage. A similar dis- 
continuity in the plot of the heat flux takes place at the end 
point of the tube quality section (X = 100%) because a dif- 
ferent heat-transfer correlation is used in the superheat 
region. The mercury temperature assumed in the vapor 
quality region is the saturation temperature correspond- 
ing to the local calculated pressure. 

PERFORMANCE HISTORY 

The double-containment Ta-SS boiler was tested for 
1445 hours at the NASA-Lewis Research Center. The 
primary objective was to obtain as  much operating time 
as possible on the boiler in order to evaluate its endur- 

' ance capability. In order to minimize the possibility of 
accidental shutdowns, system operating conditions were 
maintained relatively constant throughout testing. As a 
result, no performance maps were generated. . 

Four boiler parameters representative of its operat- 
ing history are plotted in Fig. 10. Within the first 50 
hours of operation, the mercury flow rate was increased 
to rated conditions. Due to a decrease in available power 
to the primary loop, it was necessary to lower the mer- 
cury flow rate after some 300 hours of operation. With 

this one exception, the mercury flow was maintained con- 
stant throughout most of the testing. The three remain- 
ing parameters in Fig. 10 are indicative of overall boiler 
performance. The terminal temperature difference 
(average value 14O F), based on the NaK inlet tempera- 
ture and an immersed thermocouple in the vapor stream 
at the boiler exit, indicates excellent performance 
throughout the run. The high degree of superheat and 
good vapor quality, present at the boiler exit throughout 
testing, (again based on vapor stream conditions) exem- 
plifies the boiler's performance from a systems stand- 
point. Each of the four shutdowns listed in Fig. 10 were 
traceable to test-support equipment and in no way related 
to boiler performance. It should be noted that following 
each of these shutdowns, boiler exit conditions returned 
to preshutdown values. Throughout testing (including 
startups) the boiler exit pressure remain relatively 
steady and at no time did it oscillate by more than i 4  psi. 

COMPARISON WFTH PREDICTED RESULTS 

A significant result of boiler testing is the fact that 
the heat fluxes, as indicated by the NaK temperature pro- 
file in the open-tube boiler vaporization section, were 
higher than expected; in this respect, the boiler exceeded 
the design predictions. A comparison of analytical and 
experimental temperature and pressure profiles along the 
boiler length is shown in Fig. 11. In plotting the experi- 
mental pressure profile, it was necessary to estimate 
the mercury-side pressure at the plug-insert end based 
on the boiler overall pressure drop and a calculation of 
quality a t  the end of the plug section. An examination of 
the pressure plots shown in Fig. 11 reveals good agree- 
ment beyond the end of the plug insert. In the plug sec- 
tion the deviation in the pressure curves is traceable to a 
poor heat-transfer rate. 

The experimental NaK temperature profile down- 
stream of the plug insert indicates better-than-predicted 
heat transfer rates. In the plug insert section however, 
the profile indicates a poor heat transfer rate based on 
the slope of the experimental NaK temperature curve. It 
should be noted that in plotting this curve considerably 
more significance was attributed to the data of profile 
"Aff based on a post-test examination of the boiler. The 
data scatter and relatively poor heat transfer rate indi- 
cated in the plug section can be explained by the fact that 
a significant coating of NaK oxide was found on the pri- 
mary-NaK-flow surface of the oval stagnant-NaK-contain- 
ment tube which evidently increased the thermal resis- 
tance in that area of the boiler. This inspection also dis- 
closed a structural weakness in the tube bundle spacer- 
supports that caused the bundle to shift from its concen- 
tr ic location in the NaK shell. These conditions shifted 
the NaK flow and distorted the NaK-temperature profile 
as  indicated by the shell thermocouples at locations ''A'' 
and "Bff in Fig. 11. 

The dropwise dry-wall boiling heat-transfer correla- 
tions (provided in Refs. 7 and 8) are based on the droplet 
vaporization model in the vortex two-phase flow regime. 
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For this reason, the design NaK profile refers to ideal 
heat transfer under nonwecting conditions. Possible wet- 
ting of the tantalum surface by mercury can be visualized 
as a cause for better boiling heat transfer in the region 
beyond approximately 6 feet. 

A comparison of boiler parameters for the operating 
point shown in Fig. 11 is provided in Table 1. In com- 
piling the data for Table I, the independent variables 
used in calculating the predicted results were chosen to 
match those of the test data wherever possible. ' 

3% 

A comparison of the boiling heat flux distribution, in 
terms of quality, is shown in Fig. 12. Both &/A plots, 
experimental and analytical, are of similar configuration. 
The experimentally obtained &/A values in the plug 
insert region are below the design prediction. In the 
boiling region downstream of the plug insert (x = 0.10 to 
0.75), the experimental &/A values were greater than 
the design predictions. This condition suggests that the 
tantalum surface was wetted by mercury. In the high- 
quality region above x of about 0 . 7 ,  the test data show 
decreasing &/A values indicative of film boiling. 

. 

CONCLUDING REMARKS 

Successful operation of the double-containment Ta-SS 
SNAP-8 boiler verified the soundness of the design and 
fabrication techniques used. Allowing for a change in the 
relative position of the tantalum tube within the flattened 
stainless steel tube proved to be a successful method for 
accommodating the large difference in tube expansion. 
The use of state-of-the-art welding techniques resulted 
in a structurally sound boiler, based on 1445 hours of 
operation. Boiler performance, including the effect of 
the NaK-filled double-containment design, was success- 
fully predicted by analytical techniques. In fact, using 
tantalum as the mercury-containment mzterial resulted 
in heat fluxes in the boiler vaporization section that were 
higher than expected. Finally, the degree of vapor super- 
heat and the small terminal temperature difference which 
occurred immediately upon startup indicate the success 
with which the boiler fulfilled its design requirements. 
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TABLE I. - COMPARISON O F  TEST RESULTS WITH 

ANALYTICAL PREDICTIONS 

Thermal power input, kW 
Mercury flow rate, lb/hr 
Mercury inlet pressure, psia 
Mercury exit pressure, psia 
Mercury inlet temperature, O F  

Mercury exit temperature, O F  

Mercury inlet orifice pressure 

Mercury preheat section pres- 

Plug insert vapor section pres- 

Open tube section pressure 

Quality at the end of the plug 

Liquid carry-over, % 
Exit vapor superheat, OF 
External heat loss, kW 
NaK to mercury temperature 

difference at liquid-vapor 
interface, OF 

NaK to mercury temperature 
difference at boiler exit, O F  

NaK flow rate, lb/hr 
NaK inlet temperature, O F  

NaK exit temperature, O F  

NaK side pressure drop, psi 

drop, psi 

sure drop, psi 

sure drop, psi 

drop, psi 

insert, % 

Test 
results 

47 5* 

326.1 
213.4 
39 6 

1 307 

-0 669 

61.2. 

0.4: 

12.6 

38.5 

7* 

2.7 
27 7 
12 
108.2 

12.4 

$6 588 

1153 
13I9 

2.3 

'redieted 
results 

488 
10 669 

371.9 
213.4 
396 

1 307 
61.2 

0.3 

59.3 

37.7 

34.5 

0.0 
277 
12 
79 

15 

46 922 
1 322 
1153 

1.2 

*Calculated values based on available data. 
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Figure 2. - Liquidus curves of metals in high 
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Figure 3. -Tantalum within stainless steel tube bundle assembly. 
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Figure 4. - Arrangement of in let  orifice, tantalum plug and tanalum tube. 

Figure 5. - Electron beam welding of tantalum tubing, 

Figure 6. - Boiler header configuration. 
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